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Abstract
The Antarctic Oscillation (AAO) is the dominant mode of atmospheric variability in the southern hemisphere.
It is obtained via a principal component analysis (PCA) for geopotential height anomalies. Being the southern
hemisphere’s dominant mode, an adequate representation in earth system models is desirable. This paper
evaluates to what extent the AAO and related precipitation is represented in the Max Planck Institute’s Earth
System Model (MPI-ESM). To this end we compare AAO spatial patterns (empirical orthogonal functions,
EOFs), spectral properties of the associated principal components (PCs) and AAO-related precipitation
patterns of MPI-ESM to three reanalyses: the ECMWF’s ERA-40 and ERA-Interim, and the NCEP/NCAR
40-year reanalysis project. Differences between MPI-ESM and ERA-Interim leading EOFs reveal that the
three typical centres of action are less pronounced and slightly shifted in the model. Spectral density estimates
of the associated PCs show reduced variability in the MPI-ESM for periods between 4 to 5 months. The
relation between AAO and southern hemispheric precipitation is assessed via composites and correlation
analysis. In both, model and reanalyses, a negative AAO index leads to a general increase of precipitation
between 30° S and 50° S and a decrease south of 50° S. Differences between maps of correlation for AAO
and precipitation are most prominent near Indonesia and Antarctica probably due to a lack of pressure
around Antarctica in the model. Altogether the MPI-ESM underestimates the relation of AAO and southern
hemispheric precipitation but gives the correct sign and spatial distribution of correlation values.
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1 Introduction
The most important pattern of climate variability in the
southern hemisphere middle and high latitudes is the
Southern Annular Mode (SAM). This variability mode
is defined as the leading empirical orthogonal func-
tion (EOF) of the 700 hPa geopotential height anomaly
field south of 20° S (Thompson and Wallace, 2000;
Mo, 2000). The SAM is also referred to as Antarc-
tic Oscillation (AAO). The predominant pattern (lead-
ing EOF) of the AAO is roughly circular with its cen-
tre at the south pole (zonally symmetric) and changes
sign between 40° S to 50° S (Thompson and Wallace,
2000; Kidson, 1999; Climate Prediction Center,
2014). Phases with a positive AAO index are by conven-
tion associated with positive geopotential height anoma-
lies over the midlatitudes and negative anomalies over
Antarctica; vice versa for negative phases. The tempo-
rally evolving meridional geopotential height gradient
results in periodical strengthening and weakening of the
circumpolar vortex in the southern hemisphere which, in
turn, affects other meteorological fields.
As the leading mode of temporal variability of atmo-
spheric circulation in the southern hemisphere, the AAO
has remarkable impacts on regional climate (Rashid and
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Simmonds, 2005). Several studies examined selected
climatological parameters with respect to potential con-
nections with the AAO: changes in strength and location
of the westerlies (Kidson, 1988), stormtracks and extra-
tropical cyclones (Pezza et al., 2008), connections to air
temperatures in Antarctica (van den Broeke and van
Lipzig, 2004), sea surface temperatures in the south-
ern oceans (Mo, 2000), and temperature and precipita-
tion over southern South America (Silvestri and Vera,
2003; Moy et al., 2009; Carvalho et al., 2005; Berman
et al., 2012; Berman et al., 2013; Silvestri and Vera,
2009), western South Africa (Reason and Rouault,
2005; Gillett et al., 2006), and New-Zealand-Australia
(Renwick and Thompson, 2006; Ummenhofer and
England, 2007; Meneghini et al., 2007) were estab-
lished.
Given the importance of the AAO for the south-
ern hemisphere, an adequate representation in a climate
model is highly desirable. Here, we assess the Max-
Planck-Institute’s Earth System Model (Giorgetta
et al., 2013) for its potential to represent the AAO and
related precipitation patterns. Primary aim of this study
is thus to contribute an new important aspect to the val-
idation of the MPI-ESM. The MPI-ESM participated in
the 5th Coupled Model Intercomparison Project (CMIP5
Taylor et al., 2012) for climate projections and for the
associated decadal prediction experiments. The latter
has been part of CMIP for the first time in CMIP5.
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The MPI-ESM is also the basis of the German national
initiative for decadal prediction (MiKlip, Mittelfristige
Klimaprognose) (Marotzke et al., 2016; Müller et al.,
2012; Pohlmann et al., 2013; Kruschke et al., 2014,
and all articles in this issue) 1.
This work compares the AAO spatial pattern (EOFs),
the spectral properties of the associated PCs, and AAO-
related precipitation patterns as found in the MPI-ESM
to three reanalysis data sets: the European Centre for
Medium Range Weather Forecast’s 40-year (Uppala
et al., 2005) and ERA-Interim reanalysis projects (Dee
et al., 2011), as well as the National Center for Envi-
ronmental Prediction and National Center for Atmo-
spheric Research 40-year reanalysis project (Kalnay
et al., 1996; Kistler et al., 2001).
Details on model simulations and reanalysis data sets
used, as well as aspects of employed techniques are
given in Section 2. Section 3 compares the spatial pat-
terns of the AAO, discusses characteristics of the spec-
tral properties of the related index time series and inves-
tigates the link between the model/reanalyses AAO in-
dex time series and southern hemispheric precipitation.
A summary and discussion of the results is given in Sec-
tion 4.
2 Data and methods
2.1 MPI-ESM Earth System Model
Various initialisation techniques have been used to per-
form decadal prediction experiments (Müller et al.,
2012; Pohlmann et al., 2013; Kruschke et al., 2016)
with the Max-Planck-Institute’s Earth System Model
(Giorgetta et al., 2013). The MPI-ESM consists of
an atmospheric component, ECHAM6 (Stevens et al.,
2013), an ocean and sea ice model MPIOM (Mars-
land et al., 2003; Giorgetta et al., 2013) coupled with
OASIS3 (Valcke, 2013). Furthermore, the subsystems
JSBACH (Raddatz et al., 2007) and HAMOCC (Ily-
ina et al., 2013) contribute the biosphere and the bio-
geochemical processes.
Here, we consider the MPI-ESM-MR (mixed reso-
lution) with a T63 resolution in the atmosphere, similar
to the LR (low resolution) version of the MPI-ESM but
with an extended vertical resolution of 95 levels (instead
of 47 levels in LR) reaching up to 0.01 hPa. The hor-
izontal resolution corresponds to a 1.88° × 1.88° grid.
The oceanic component of the model is available on a
0.4°× 0.4° grid and 40 vertical levels (Marotzke et al.,
2016).
We use a so-called historical run (MPI-ESM-MR-
hist) with the radiative forcing (boundary conditions)
given by the observed forcing for the period from 1850
to 2005 and an interactive carbon cycle. These unini-
tialised historical runs of the particular model with pre-
scribed boundary conditions serve as reference experi-
ments within MiKlip to quantify predictive power (skill)
of initialised over uninitialised runs.
1See also http://www.fona-miklip.de/en/index.php
Table 1: Resolution, levels and available time periods of NCEP/
NCAR, ERA-Interim, ERA-40, and of the historical run of the MPI-
ESM. The resulting common period of reanalyses and model run is
1979–2001.










Three reanalyses datasets provide the reference for this
study: the National Center for Environmental Predic-
tion and National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalnay et al., 1996; Kist-
ler et al., 2001), the ERA-40 (Uppala et al., 2005), and
ERA-Interim (Dee et al., 2011) reanalysis data from the
European Centre for Medium Range Weather Forecast
(ECMWF). Table 1 gives further details on the three re-
analysis datasets and the MPI-ESM.
The monthly mean geopotential height at 700 hPa
(Z700) is the basis for defining the AAO pattern and in-
dex. The monthly precipitation rate from NCEP/NCAR
and the monthly total precipitation sums from the
ECMWF products ERA-40 and ERA-Interim provide
reliable precipitation data for the southern hemisphere.
2.3 Definition of the Antarctic Oscillation
Index
The first EOF of a principal component analysis (Jol-
liffe, 2002; Hannachi et al., 2007) of the monthly
mean Z700 anomalies south of 20° S over the south-
ern hemisphere defines the spatial pattern of the AAO
(Thompson and Wallace, 2000; Mo, 2000; Climate
Prediction Center, 2014); the associated principal
component (PC) the AAO index time series. The geopo-
tential height anomalies are taken with respect to a mean
annual cycle obtained by averaging individual month of
the year for the period 1979–2001. The individual grid
cells are centred and scaled with the square-root of their
latitude to account for different grid cell sizes.
2.4 Spectral analysis
A spectral analysis of the principal components re-
veals their activity on various time scales. The clas-
sical Fourier periodogram is obtained from the index
time series, tapered with a split cosine for 10 % of
the data at both ends. An associated consistent esti-
mate of the spectral density can be obtained in two
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Figure 1: First EOF of Z700 anomalies from (a) MPI-ESM and (b) ERA-Interim reanalysis for the period 1979–2001. (c) Difference plot
of the first EOFs of MPI-ESM and ERA-Interim: EOF1MPI-ESM (shown in (a) and (b)) for the Z700 field and the same period. (d) Proportion
of the total variance [%] associated with the first 5 EOFs for MPI-ESM model and ERA-Interim, ERA-40, and NCEP/NCAR reanalyses.
Errorbars are estimates of sampling errors in EOF computation according to “North’s rule of thumb” (North et al., 1982).
ways: either parametrically, using auto-regressive pro-
cesses of order p (AR[p]) or non-parametrically us-
ing kernel smoothing (e.g., Priestley, 1992; Venables
and Ripley, 2002). We use AR[p] processes with the
Yule-Walker-equations to estimate the associated pa-
rameters (e.g., Brockwell and Davis, 1991; Box and
Jenkins, 1976); the Akaike-Information Criterion (AIC,
e.g. deLeeuw, 1992; Venables and Ripley, 2002)
guides the selection of orders p. Additionally, a mod-
ified Daniell kernel is used as a non-parametric density
estimate with the degree of smoothness defined such that
it roughly corresponds to the flexibility of the associated
AR-process. Spectral density estimates are based on the
R-functions spec.pgram() and spec.ar() (R Core
Team, 2013).
2.5 Composite and correlation analysis
Composites for months with an anomalous high or low
AAO index are the basis for investigating the potential
mechanisms associated with rainfall over the southern
hemisphere. Monthly values exceeding (undercutting)
the calculated and normalised AAO index 1979–2001
mean about plus (minus) one standard deviation (Hen-
don et al., 2007) were averaged and defined as pos-
itive (negative) composite. Afterwards the 1979–2001
mean monthly precipitation was removed from com-
posites, respectively. Spearman’s rank correlation coeffi-
cient quantifies the relationship between the AAO index
time series and the series of monthly precipitation means
(Wilks, 2011).
3 Results
3.1 Spatial variabililty patterns
The leading spatial patterns of variability (first EOFs)
for Z700 anomalies (Figure 1(a),(b)) account for roughly
26 % of the total variability for the MPI-ESM, for the
three reanalyses (Figure 1(d)) the portion of variability
is slightly lower. The subsequent EOFs represent about
10 % and less of the total variability; here the 2nd and
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Figure 2: Variances of monthly mean AAO index for MPI-ESM
(red solid line) and ERA-Interim (blue solid line) for the 1979–2001
period. The shading depicts a 95 % confidence interval for monthly
mean variances.
3rd EOF associated with the MPI-ESM represent slightly
less variability than their counterparts from the reanaly-
ses and thus compensating for the larger portion associ-
ated to the first EOF (Figure 1(d)).
Figure 1(a) and (b) show the spatial patterns for
MPI-ESM and ERA-Interim, respectively. Both show a
strong zonal symmetry resulting in an almost concen-
trical structure around the South Pole. This pattern is
known as the positive phase of the Antarctic Oscillation
pattern (Thompson and Wallace, 2000). The typical
three centres of action (Mo, 2000) in the southern oceans
break the circular symmetry and lie along 40° S, located
at about 90° E, 50° W, and 170° W and are readily visi-
ble for the AAO pattern obtained for ERA-Interim (Fig-
ure 1(b)). The MPI-ESM shows a stronger circular sym-
metry and consequently these three centres are less pro-
nounced. Furthermore, a slight shift compared to the
reanalysis becomes evident in a difference plot in Fig-
ure 1(c). The centres in the Pacific sector (170° W) and
Indian sector (90° E) are shifted anti-clockwise. The dif-
ference pattern of the leading EOFs of the reanalysis and
the MPI-ESM-MR shows four prominent features, Fig-
ure 1: a strong positive signal over the Bellingshausen
and Amundsen Sea, a slight negative signal over the
Weddell Sea, and two negative regions over the Ross
Sea and the southern Indian Ocean. Jungclaus et al.
(2013) also identified the first two features and reported
a too strong low-pressure system in the Amundsen Sea
region and significant differences in air-pressure distri-
bution over the Weddell Sea. These two regions corre-
spond to the location of the Antarctic Dipole (Yuan,
2004, and references therein); this dipole coins the re-
analysis AAO pattern but is not a prominent feature of
the MPI-ESM-MR’s AAO pattern. However, the char-
acteristic signature of this dipole can be found in MPI-
ESM-MR’s EOF2 (not shown). Thus, the model is in
principle able to reproduce the dipole’s pattern but not
with 1) a comparable amplitude and 2) the proper con-
nection to the models’s AAO.
3.2 Seasonal cycle of AAO index variability
The annual cycle in the variability (variance) of the
AAO index time series (first PC) peaks in the cold
season (JJA). Figure 2 shows the annual cycle obtained
for ERA-Interim (blue solid line) with 95 % confidence
intervals (blue shading).
The MPI-ESM (red solid line and shading) repro-
duces this cycle to a large extent. Discrepancies are par-
ticularly present in May where the MPI-ESM shows
lower variance, followed by a steeper increase in June
and July. The subsequent decay of variability in August,
September and October is slower for the MPI-ESM than
for ERA-Interim. However, confidence intervals largely
overlap and differences are likely to be not statistically
significant on a reasonable level (i.e., p ≮ 0.05).
3.3 Spectral Density of PCs
Figure 3 compares spectral density estimates for the first
PC of ERA-Interim (light and dark blue) and MPI-ESM
(light and dark red).
To give an impression of the uncertainty, the dotted
line in the background shows the (unsmoothed) Fourier-
periodogram of the first PC derived for ERA-Interim. A
description with AR-processes of order p = 1, . . . , 15
yields a smallest value for the AIC-value at p = 1,
closely followed by p = 6 and p = 7. The result
is highly similar for NCEP/NCAR and ERA-40 (not
shown), however here the AIC prefers larger orders p =
6 and p = 7 over p = 1. As it is difficult to discriminate
between the low order p = 1 and the larger orders p = 6
and p = 7 for the given reanalysis data sets, Figure 3
gives the spectral densities for orders p = 1 (solid lines,
dark colours) and p = 7 (solid lines, light colours) for
ERA-Interim (light and dark blue) and MPI-ESM (light
and dark red). Note that a corresponding order selection
with AIC for the MPI-ESM yields order p = 1; here
higher orders (e.g., p = 6 or p = 7) are not as compatible
with p = 1 as it is the case for the reanalyses.
Irrespective of the ambiguity of orders, the variabil-
ity associated with frequencies larger than f = 2/12
(two months) is underrepresented in the MPI-ESM.
The higher order AR-process (AR[7], or low degree of
smoothing) suggests that particularly the variability at
frequencies between f = 4/12 and f = 5/12, i.e. at pe-
riods of 4 to 5 months is underrepresented.
3.4 Link to Southern Hemispheric
Precipitation
Table 2 gives the counts of anomalously high and low
AAO index values (larger/smaller one standard devia-
tion with reference to the 1979–2001 mean).
The months with positive (AAO+) and negative
(AAO−) indices define positive (Figure 4 (a), (c)) and
negative (Figure 4 (b), (d)) composites of precipitation
anomalies for MPI-ESM and ERA-Interim, respectively.
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Figure 3: Spectral density estimates for the first PC obtained from ERA-Interim (light blue and dark blue) and MPI-ESM (light red and
dark red). Solid lines show density estimates based on AR[1] (dark) and AR[7] (light); dashed lines give estimates based on smoothing
with a modified Daniell kernel with high (dark colours) and low degree of smoothing (light colours). The light blue dotted line depicts
the associated unsmoothed Fourier periodogram for ERA-Interim. The vertical lines mark the frequency of the annual cycle and higher
harmonics f = k/12, k = 1, . . . , 6.
Figure 4: Composite anomalies (w.r.t. 1979–2001 mean) of monthly precipitation [mm per day]: (a) MPI-ESM during positive phases and
(b) negative phases of the model AAO; (c) ERA-Interim reanalysis for positive phases and (d) negative phases. The dotted lines depict the
95 % confidence interval, respectively.
Table 2: Counts of monthly AAO indices exceeding (AAO+) or







Both model and reanalysis composites suggest that
negative AAO phases are associated with a band of pre-
cipitation increase in the midlatitudes (30° S – 50° S) and
dryer conditions south of 50° S (Figure 4 (b), (d)). This
“wet band” disappears for positive AAO phases (Fig-
ure 4 (a), (c)). During these phases the MPI-ESM over-
estimates precipitation anomalies in the Indonesian re-
gion and underestimates precipitation over the Antarctic
Peninsula.
The model does recover ERA-Interim’s spatial pre-
cipitation pattern during negative phases quite well.
However, the MPI-ESM overestimates rainfall anoma-
lies over a region around Western Indonesia and the “wet
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Figure 5: Spearman correlation coefficient between monthly precip-
itation means and the AAO index time series of (a) MPI-ESM and
(b) ERA-Interim for the period 1979–2001. White indicates correla-
tion being compatible with 0 at a 5 % level of significance.
band” of precipitation is less pronounced in the cen-
tral South Atlantic and the central South Pacific (Fig-
ure 4 (b), (d)).
Additionally to positive/negative AAO composites,
Figure 5 shows maps of the Spearman rank correlation
coefficient estimated for the AAO index time series and
monthly precipitation.
The strong zonal pattern of significant negative cor-
relation between 40° S and 50° S in Figure 5(a) fits well
with the “wet band” identified in Figure 4(b) for neg-
ative AAO phases. Positive correlation dominates the
midlatitudes to polar regions in both model and reana-
lyses (NCEP/NCAR, ERA-40, not shown) and indicates
an increase in precipitation here for positive phases. Dis-
crepancies are most dominant in the Weddell Sea: posi-
tive correlation is weaker in the model which is associ-
ated with negative rainfall anomalies for a negative AAO
index. van den Broeke and van Lipzig (2004) found
that the western Antarctic Peninsula becomes drier when
the AAO index is low; hence implying a positive corre-
lation between precipitation and the index time series.
As the correlation is reduced here for MPI-ESM, this
mechanism is not as prominent in the model as in re-
analyses. A lack of negative correlation over Marie Byrd
Land (West Antarctica) and the adjacent Ross Sea is
found for the MPI-ESM. The source of this asymmetric
response in precipitation is determined by the direction
of flow anomalies with respect to the Antarctic topogra-
phy (van den Broeke and van Lipzig, 2004). Overall,
the correlation is less pronounced (positive and nega-
tive) which indicates a weaker link between AAO and
precipitation in the model.
4 Summary and discussion
We investigate to what extent the Antarctic Oscillation
(AAO/SAM) is represented in the MPI Earth System
Model (MPI-ESM-MR-hist) by comparing to three re-
analyses (NCEP/NCAR, ERA-40, ERA-Interim). The
leading EOF of monthly mean 700 hPa geopotential
height anomalies defines the mode’s spatial pattern
and the associated PC defines the index time series.
The leading EOF describes 27 % (MPI-ESM) and 26 %
(ERA-Interim) of the total variance of the geopotential
height anomaly field. The spatial patterns are roughly
circular (zonally symmetric) due to landmass distribu-
tion in the southern hemisphere. The AAO’s character-
istic three centres of action are less pronounced in the
MPI-ESM-MR and slightly shifted (Mo, 2000).
The differences pattern of the first EOFs shows dis-
tinct features over the Amundsen Sea, the Weddell Sea
(i.e., the Antarctic Dipole, ADP) and two regions with
stronger differences over the Ross Sea and the southern
Indian Ocean. This indicates that the variability of the
geopotential height contrast in the reanalyses in these
locations is not adequately reproduced in the MPI-ESM.
As Yuan (2004) suggests that the ADP is influenced by
ENSO, a hypothesis about deficits in MPI-ESM-MR’s
ENSO simulation emerges and this might be responsi-
ble for part of the difference in the AAO patterns. Jung-
claus et al. (2013) reports that MPI-ESM-MR is supe-
rior in ENSO modelling compared to the CMIP3 version
of the MPI model but does not reproduce the appropriate
seasonal modulation of the ENSO strength and neither
the right ratio of El Niño and La Niña events. Thus im-
proving these ENSO deficits might improve also MPI-
ESM-MR’s AAO characteristics.
For the absence of variability over the Ross Sea and
the southern Indian Ocean a hypothesis connected to the
ADP can be formulated: The centres of action are less
pronounced (if at all present) in the model, geopotential
height anomalies are either not so pronounced and/or
are not associated with a fixed location. This can be
thought as a consequence of the wave-3-pattern (Mo,
2000) being rather a progressing than a standing wave
in the MPI-ESM. A propagating wave does not coin
the stationary variability pattern (EOF1) as the standing
wave in the ERA-Interim does. We expect furthermore
the well pronounced ADP in the reanalyses to favour
a standing wave-3-pattern. Consequently, we expect the
same mechanisms responsible for a weak ADP in the
MPI-ESM-MR leading also to the observed differences
over the Ross Sea and the southern Indian Ocean.
The characteristic annual cycle of AAO index vari-
ability with the characteristic peak in the cold season is
well reproduced by the MPI-ESM. A spectral analysis
of the index time series reveals a lack of variability in
the intra-seasonal range (periods of 4 to 5 months).
We furthermore assess the relation between the AAO
and precipitation over the southern hemisphere through
composites for negative and positive AAO phases and
a correlation analysis. An increasing (decreasing) AAO
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index implies an increasing (decreasing) equatorward
directed meridional pressure gradient with poleward
(equatorward) shifted westerlies and an extension (con-
traction) of the mean midlatitude storm track (Thomp-
son and Wallace, 2000). The northward shift of west-
erlies causes increased precipitation between 30° to
50° S; this “wet band” of precipitation disappears for
high AAO indices. The MPI-ESM underestimates pre-
cipitation during positive AAO phases over the Antarc-
tic Peninsula and overestimates precipitation anoma-
lies in the Indonesian region. Underestimation of pre-
cipitation over the peninsula could result from reduced
air-pressure over the Amundsen sea in MPI-ESM via
changes in the circulation and related precipitation.
Correlation plots quantify the link between the
monthly AAO time series and southern hemispheric pre-
cipitation: the reanalysis correlation maps are to a large
extent reproduced by the model. However, over southern
Australia, the Weddell Sea, and the Antarctic Peninsula
the MPI-ESM underestimates the strong link between
AAO and precipitation. The missing dipolar-like struc-
ture in the correlation pattern between Weddell Sea and
Antarctic Peninsula on the one hand and Amundsen Sea
and West Antarctica on the other hand in the reanaly-
sis is explained by the already mentioned underestima-
tion of the low pressure system over Amundsen Sea.
The prominent (surface) Amundsen Sea Low (ASL) is
one of three climatological low pressure centres around
Antarctica. In climatological mean the ASL contributes
wet and warm (cold) air to the eastern (western) part
of Antarctic peninsula. This mechanism is less distinct
in the model and therefore accounts for missing pos-
itive and negative precipitation correlation in the west
Antarctic area.
In conclusion the MPI-ESM in MR mode is in gen-
eral able to reproduce central features of the AAO and
related precipitation as found in the reanalyses, i.e. the
dominant mode of atmospheric variability in the south-
ern hemisphere is roughly captured. The models exag-
gerated zonal symmetry and the slight shift of the cen-
tres of action in the first EOF might result from the
model’s difficulties in reproducing properly the ENSO
characteristics. It might be related to differences in pre-
cipitation distribution.
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